Geothermal measurements in Australia by Sass, John Harvey
GEOTHERMAL MEASUREMENTS IN AUSTRALIA 
Thesis submitted for the Degree 
of 
Doctor of Philosophy 
in 
The Australian National University 
by 
John Harvey Sass 
Department of Geophysics 
Research School of Physical Sciences 
Australian National University 
December, 1964. 



- t. . conau.o 1vi to he;.::+; fl 
portion of the i>.ustralin.u continent. Twer1 .. t~v-fi·v0 11c~v1 11cc:, vr~~luGs 
i:.J o. 
aver:::·,c·e 
Ti\ 
\.iv a1;out hs.lf the 
for tb.e re:L1Ltirt.de1~ of 
the rm;ul t of a low rncs.11 concentrc. i:!n of 
rcl2. tLre to r0n1a.i:nd er ir~d icate 
of a. ture differerce of 
tl1e ti:;vo e,t tl~,:.c 
A divided bar 
l~ liri.e-soui,..,ce lnetL.od ~rui table for tl~n condu~cti.vi s;nd 
diffusivi of cylinc1riceJ. of rock over a wide 
evere.l cylindricnl he[~ 
rock con.d11ctivi tiE;S 
:i..r: ti;:fu.ctory 
cortroll condc tio:os. 
Divided-bar '!nt)B.curc;rnents of the conductivities of ooars rock:s 
were coop:red wi 
on 
values obtrdned 
(iii) 

I 
I. 

! 
\ 
( 
I 
I 
I , 
CH.APTER 4: 
CHAPTER 5 : 
CH.1'.PTER 6: 
CH.AP.L1ER 7 : 
LIST UF CONTEi'FPS (Contd.) 
The Ther:nal Conductivity Probe 
4.1 Introduction 
4.2 Theory • 
4.3 .Apparatus • 
4.4 Experimental exarnple for h 0 
4. 5 Measurements v;i th a liq_uid contact • 
4. 6 I;Ieasurements with air contacts • 
4.7 The effects of hole irregularities • 
4.a Anisotropic rocks 
The Conductivity of Coarse-Grained Rocks 
5.1 Introduction 
5.2 lfodels for computing the bulk conductivity 
of a rock 
5.3 Conductivities of common minerals 
5.4 Measurements using large specimenc • 
5.5 Summary 
Temperature Measurements 
6.1 Description of the Apparatus 
6.2 Sources of error in the tenperature 
measurements 
6.3 Summary 
Heat Plows 
7.1 Previous work 
7.2 The present work 
7. 3 Ivie,jor tectonic divisions of Austr<::clia 
(vi) 
• 
27 
27 
33 
37 
38 
44 
45 
49 
52 
53 
55 
59 
69 
77 
78 
79 
82 
I • 
{ $ 
( 
( 
( 
( 
( 
\ 
( 
( 
\ 
) 
) 
j 
\ ) 
( ·.· l 
' I 
( ) 
) 

2-
) 
'j 
:I 
rockL~ 
( 
.1 
I 


CHll.P'.EBR 1 
the earth' interior fevr 
limited to indirect observa-i:;ions and 
include: studies of meteorites 
of wl1icl1 are have in 
imilar to the earth; chemical 
of rocks and minerals at and prEJS::.:ures; 
the distribution of g, the acceleration of over s 
surface; the behavior elastic waves ed both na tura,l 
variations in the earth' 
and the of 11eat from these various 
and correlated, a deal of inform.c;,-
tion the nature of the 1 s interior (cf. 1 
and 
' 1 
as 1 the 
of the of the and 
heat flow near the earth's but the first heat-flow 
data were not until much later (Benfield, 1 
first, ..... :t v s thai; the range of heat flow in vvas 
from O. 5 to 1. 5 sec an average of about 1. 2 
' 1 
scatter in values was to be due to local factors 
such ac-; climatic crustal thickness, local variations in 
of m.ir1era.ls, etc s about time, however, 
a number of heat f'low:3 were in 
"I 
1 1 6) 1 1 A 
heat-flow data (1 that there a.,re heat 
the order that to tr1 
flows are fou.nd in ver"jr 
a .. reas. of 73 continental 
is bimodal with 1 and 2 sec. 
average is 1. 
measuremenki have been made in 
sediments. rar1ge from 0 to well over 5 
with mean at a1iout the same a::i that for the 
t of the va.lnes, however, have been measured in such 
arOE1.S the and the east 
val11es e~re dcte to such processes volce.nism and 
ti on aro, hea~t 
rnore , the mean is about 1 • to 1.2 
1 
Vli t11 to the distribui;fon 
surface heat flow can be summarized as follows: (1) the continental 
average is about 1.5 with extensive areaa of low 1. arid of 
heat flow; the tb.e 
ocean beds is about 1.0 to and low 
ted with of extreme tectonic acti 
conclusion has been drawn and 
(1 argue that, ince th curves 
the oceami both and continental 
heat converge wi a1Do consistent vd. 
• I 
'I 
both the observed surface heat flow and the known physical and chemical 
properties of the earth's interior, a minimum of 0.6 ~~al/cm2sec of the 
heat flow in continental regions is derived from below 37 km (i.e. the 
continental M-discontinuity). This conclusion is independent of the 
various theories of the thermal history of the earth and is also 
independent of the principal mode of heat transfer in the mantle (mass 
movement and/or radiation). If this conclusion is accepted and the 
surface heat flow is known, then the temperature-depth relationship 
beneath a given point on the earth's surface can be specified within 
quite narrow limits. This is highly desirable when calculating 
densities or when speculating on the nature of the chemical reactions 
that occur at depth. 
Lee and McDonald (1963) have made a representation, in terms 
of orthogonal functions, of all available heat flow data and conclude 
that,as there is a correlation between the heat-flow field and the 
gravity field .. in the sense that where heat flow is high g is low, 
the heat flow pattern is consistent with convective motion in the 
mantle. Their expansion uses low-order harmonics and cannot be 
expected to outline small scale features. Furthermore, some dis-
tortion can be expected in their field because of the uneven spatial 
distribution of measurements and the great preponderance of oceanic 
results. As the number of results, particularly from the continents, 
is increased this type of analysis should become increasingly valuable. 
Meanwhile, an interpretation of the limited number of results available 
for a region like the Australian continent can only be made by looking 
for systematic differences between regions and by attempting to 
., 
IL. 
correlate the observed heat flow over individual geological units with 
other factors such as surface geology, seismological indications of 
crustal thickness and the gravitational field • 
.Australia is one of the most suitable continental areas for 
an intensive study of terrestrial heat flow. There is little topo-
graphical relief over the bulk of the continent and very li.ttle tectonic 
activity. Most of the continent had no pleistocene glaciation so that 
one can expect much smaller climatic variations in recent times compared 
with extensively glaciated areas. Furthermore, the crustal thiclaless 
in the southern portion of the continent has been shown (Doyle, 1957; 
Bolt 4,Lt• gJ.., 1958; Doyle et. al., 1959) to be within a few kilometers 
of 35 to 40 km. .All of these factors decrease the number of variables 
that cause the surface heat flux to vary from its equilibrium value and 
simplify attempts to interpret differences in heat flow from place to 
place. 
Heat-flow measurements were first made in Austreiia by 
Newstead and Beck (1953) and Beck (1956) who found heat flows of about 
2.0 in Eastern Australia. The results of Howard (1964) gave the first 
indication that heat flow from the Western Australian portion of the 
Australian Precambrian shield is only about half that over the remainder 
of the continent. 
The purpose of this work has been to extend the coverage 
obtained by previous workers, both by increasing the reliability of 
existing values through more detailed measurements and by making 
determinations at additional sites. 
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2.2. The Beck Divided Bar. 
A detailed description of the apparatus used in this work was 
given by Beck (1957). It is made of brass and is 3.5 cm in diameter. 
It differs from other apparatuses mainly in that it incorporates a guard 
ring. This is a brass annulus, occupying the outer 0.49 cm of the 
radius of the bar, separated from the measuring surface by a polythene 
annulus 0.16 cm thick. The guard ring has been shovm (Beck, 1957) to 
be very effective in preventing radial heat losses and in damping out 
edge effects due to variations in the diameter of the specimen and 
chipped edges. 
The apparatus was calibrated (at a mean specimen temperature 
of about 30°c) against four different sets of quartz disks, three with 
axis perpendicular and one with axis parallel to the optic axis, and 
one set of fused silica disks. The conductivity values given by 
Ratcliffe (1959) for quartz and fused silica were used in the calibra-
tion. The resultant values for the conductivity of the brass bars 
varied from 228 to 235 meal/cm sec°C with a mean of 232. This latter 
figure compares favorably with the value (231) found by Beck (1957) for 
the same instrument. The calibration was checked at frequent intervals 
and the above value was invariably confirmed. 
The axial pressure (about 1 bar) used with this instru.rnent 
is sufficient to make the contact resistance between the-:: :faces of the 
bar and the rock specimen quite small and reasonably constant if a 
2:1 water-glycerine mixture (cf. Bulla.rd, 1939) is used as a contact 
liquid. Fourteen sets of three or four disks of fine-grained rocks 
were measured and the contact resistance was found to va:ry between 
'' 
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All of the disks used in this work were ground to a flatness 
of at least 0.002 cm. With this degree of flatness the error caused by 
variations in contact resistance should be very small. Confirmation of 
this was obtained by Jaeger and Sass (1963) who showed that differences 
of as little as 3 or 4 per cent in the measured conductivities of single 
disks of dolerite could be correlated with variations in the mineralogy 
of the rock. While it is possible that errors of up to 10 per cent may 
have occurred in individual determinations during the course of this 
work, the average conductivity of a number of single disks of any given 
rock should have a precision of better than 2 per cent. 
2·2• Comparisons with Other Instruments. 
Early experiments indicated serious discrepancies between the 
Beck apparatus and some values measured by Howard (1964) using a 
transient line source method. As a consequence, a number of experiments 
was performed to check whether there were any serious defects in the 
Beck instrument. 
Quartz and fused silica disks were combined with a glycerine-
water film and their measured conductivities compared with conductivities 
calculated assuming a contact resistance equivalent to 0.25 cm of brass 
at each interface. The calculated and measured conductivities are 
shown in Table 2-1. The agreement is seen to be very good. 
A number of single disk specimens was also loaned to us by 
Dr. D.I. Gough. His measurements (Gough, 1963) were made with an 
apparatus similar to that of Birch (1950). The comparison (Table 2-2) 
shows that there is no apparent system.a.tic disagreement between the two 
instruments. 
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TABLE 2-1. 1/lEASlJRED AND CALCULATED CONDUCTIVITIES FOR VARIOUS 
COiVIBINATIONS OF QUJi..RT.Z AND FUSED SILICA DISKS (GLYCERINE-WATER CONTACT 
AT .ALL INTERFACES) MEAN S PECIIvIEN TE:rvlPERJ;.TlJRE, 30 ° C. 
Disk Thickness, rrun. 
Quartz 
4.00 
6.00 
F. Silica 
2.06 
2.06 
0 Conductivity, meal/cm sec C 
Computed Measured 
6.8 
TABLE 2-2. COMPP...RISON WITH SAMPLES MF.JI.SURED BY GOUGH ( 1963) 
Spec. No. Rock Conductivity, meal/cm sec°C 
Gough Sass 
157 :Sandstone 7.4 7.7 
265 Shale 5.2 4.9 
109 Sandstone 7.2 7.2 
153 Sha,le 6.5 6.5 
003 Shale 6.1 6.4 
005 'Sandstone 8.8 9.2_ 
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TABLE 2-3· COMPARISON WITH 2.86 cm DIAMETER. H.ARVARD SPEClJVIEl.\fS. 
IvfEASlT.REMENTS lVL@E USING .AN P ...mrnrJus OF DOLERITE (K = 5.0). 
Rock/Substance 
I Conductivity, meal/cm sec°C 
Harvard .A.N.U. 
Isolantite 6 .1 6.0 
Basalt 5.1 5.1 
1'\rn ed Silica 3.4 3.5 
Calcite Marble 7.0 6.7 
II ti 8.0 7.5 
II II 9.0 8.6 
Skarn with W.1.agneti te 10.1 9.5 
Dolomite Marble 10.9 10.0 
II II 11.6 10.a 
TABLE 2-4. COMP.ARIS ON WITH HARV ARD IvlE.ASUREl\JENTS. 
Rock Conductivity, meal/cm 0 sec C. 
Harvard A.N.U. 
3.8 cm dia. 3.5 cm dia. 
Fused Silica 3.2 3.4 3.3 
Andesite 5.2 5.4 5.2 
Rhyolite 8.8 9.3 8.8 
Garnetite 11.8 12.2 11.9 

All conductivities measured as part of this work are listed, 
either in Appendix 2, or in the appended reprints of supporting 
publications. 
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CHAPTER 3 
Transient Heating Methods for Measuring Thermal Conductivity in the 
r,aboratory 
3.1. Introduction. 
The divided bar is well suited to measuring the conductivity 
of relatively fine-grained, non-porous, homogeneous rocks. There are, 
however, some situations in which the accuracy of a conductivity 
measured by this instrument is in doubt. It is difficult and often 
impossible to prepare suitable specimens of friable or badly weathered 
rocks, and the apparatus haB serious defects with regard to coa.xse-
grained and porous rocks. 
If the rock is coarse-grained then the specimen will be too 
small to be representative of a large volume of the rock. This arises 
from two factors. ( 1) There is comdderable variation in mineral com-
position among small specimens of coarse-grained rocks (£%. Beck and 
Beck, 1958) resulting in a large scatter in conductivity values. This 
problem can be overcome by measuring a relatively large number of 
specimens and taking the mean of their conductivities; however, the 
determination is simplified if a specimen large enough to be 
representative is available. (2) If the constituent mineral;::; have 
very different conductivities the value measured by the divided bar, 
even using a large number of specimens, can be significantly different 
from the bulk conductivity (the effective conductivity of a 
representative sample) of a coarse-grained rock. These systematic 
errors can occur because single crystals or monomineral aggregates 
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often occupy a sigri.ificant portion of the volume of the specimen. They 
occasionally traverse the entire thickness of the specimen, causing the 
heat flow to be 'short-circuited' through the more highly conducting 
minerals and resulting in an erroneously hieh conductivity value. 
Practical considerations limit the size of a divided bar so that, if 
a large specimen is to be measured, another method must be used. 
There are also difficulties associated with measuring the 
conductivities of fluid-saturated, porous rocks using the divided bar 
(cf. Beck and Beck, 1958; Krasskovski, 1960). Water is often lost 
from the specimen during the measurement and there is invariably 
migration of water to the cold face of the bar. 
Transient heat flow methods which cope with the above-mentioned 
diffioul ties are quite easy to design. lfor many of them, the sample size 
is limited only by the amount of material available and the problems 
associated with fluid-saturated sediments are easily overcome (cf. Wood-
side and Messmer, 1961). 
In transient methods, heat is generated at some point, or along 
a line or plane, within the specimen and the thermal coefficients are 
determined from the temperature-time relationship at one or more points. 
In many cases, this curve (or the temperature-log time curve) has a 
linear asymptote for large time which makes the determinati.on relatively 
simple; however, it is often desirable to use the early part of the 
curve to avoid the serious heat losses which can occur from us:i_ng long 
experimental times. 
Jaeger (1959) has suggested a method of reduction that 
simplifies the use of the early part of the curve. He points out that, 

for many transient methods, the temperature v is expressed as, 
v( t) A(K,k)f(i:) 
and further, that, 
v(2t)/v(t) = f(2i:)/f(i:) 
where A is a constant involving Kand k, (the thermal conductivity and 
diffusivity) and, 1: = kt/a2, tis the time and 1a 1 specifies a dimension 
of the specimen. If the theoretical curve f( 't') is available then i: and 
thus k can be easily found from eq. 3.2 whereupon the value of k can be 
substituted in eq. 3.1 to determine values of Kand pc. Jaeger presents 
several configurations that are easily obtained from cores or blocks of 
rock and, gives examples of experiments using this method of reduction. 
3. 2. Methods Suitable for Large Diameter Cores of Soft Rock. 
The rocks encountered in oil exploration are usually friable 
and porous, which makes them quite unsuitable for divided bar conductivity 
measurements. They are, however, suitable for tra.nsient methods involving 
the theory of the line-source in an infinite medium, as the cores are 
usually large and long holes of small diameter can be drilled in them. 
One such method has been described by Lyubimova et al. (1960). 
It involves drilling two parallel holes in a rock sample (well away from 
the edges) after which an electrical heater is placed in one and a 
thermocouple, in the other. .A 3 to 4 second pulse of current is allowed 
to flow in the heater and the instant of maximum temperature and the 
value of the maximum are recorded. From these Kand k can be calculated. 
One disadvantage of this method is the 1mcertainty introduced by the use 
of empirical corrections for contact effects and the effects of a heater 
of finite diameter. 
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Woodside and Messmer (1961) have adapted the "needle probe", 
which has long been used for measuring the conductivity of unconsolidated 
sediments (cf. De Vries and Peck, 1958), to large cores of sedimentary 
rocks. The contact resistance between probe and specimen (by far the 
most troublesome objection to the method) has been virtually eliminated 
by using a Wood's metal contact. A hole is drilled along the axis of 
the core, the probe is inserted and the specimen and probe are placed in 
a pressure vessel. In their apparatus, both fluid pressure and confining 
pressure can be varied over a wide range. This has the advantage that, 
with porous sediments, the pressure and fluid conditions which existed 
in fil:.:!ill can be recreated, to a large extent, in the laboratory. 
3.3. A Method Suitable for Small Diameter Cores of Hard Rock. 
For the small cores of hard rock which are usually obtained 
in diamond drilling, the methods of Section 3.2 are not suitable. It 
is very difficult to drill small holes in such rock and the diameter of 
the cores is too small to approximate them to an infinite medium. 
Jaeger (1959) describes a number of methods for small core including 
one involving a cylinder with a line-source heater along one generator. 
and a thermocouple along the opposite one. To reduce heat losses from 
the source, he clamped two cylinders together in contact along the 
generator containing the heat source. Howard ( 1964) devised a variation 
of the method in which the heater is :placed e,t the base of a shallow 
slot in the surface of the rock and temperature is measured on the 
surface opposite the slot. 
Early in this work, a number of measurements were made using 
Howaxd 1 s method and it was noticed that the contact resL:;tance between 
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thermojunction and the rock surface was q_uite variable - resulting in 
errors of up to 20 per cent in the measured conductivity. 
Jaeger suggested cementing both thermocouple and heater at 
the base of shallow slots in the rock and developed the theory for the 
case of diametrically opposed slots. The distances r a..'1d r 1 from the 
center to the thermo-junction and heater are both equal to o.7a where 
1a 1 is the radius of the specimen. Details of the method have been 
publi~Jhed (Jaeger and Sass, 1964). The theory was developed by Jaeger 
and the experiments were performed by the writer. 
The heater and thermojunction were set in place using a 
portland cement paste. For the high temperature runs, "Alundum" 
furnace cement was used instead. With the use of cement, the contact 
resistance appears to have been reduced to a negli.gible amount. 
Properties of commercie,l 36 S .W .G. nichrome heater wire and laboratory 
made 40 S.W.G. copper-constantan thermocouples were found to be 
sufficiently reproducible to allow the UBe of batches of these without 
individual calibration. 
The method is reproducible to within a per cent or so. The 
thermal const2nts of a number of rocks measured (at about 20°c) using 
this method are shown in Table 3-1. 'rtie specimens were cores 3.5cm 
in dicJ..meter and at least 15 cm long. The c::>nductivity values are in 
reasonable agreement with independent determinations using the divided 
bar apparatus. Jaeger and Sass (1964) also give an example of the 
determination of thermal properties over a range of temperatures. 
Abeles et al. (1960) and Somerton and Boozer (1961) have 
described methods for measuring the diffusivity of rocks at high 

temperatures. Both methods require rather complicated equipment and 
extensive machining of the specimens. The above method requires very 
little machining and the apparatus is quite simple. It also has the 
advantage that both conductivity and diffusivity are determined in the 
same experiment. 
This method, in common with all line-source methods, is not 
suitable for anisotropic rocks. To find the conductivity in a given 
direction the ratio of the principal conductivities has to be determined 
by another method. The conductivities of such rocks is better measured 
with a divided bar apparatus or with a transient method of the type 
described by Verzhinskaya and Novichenok (1960). In the latter method, 
a thin plate heater is cemented between the flat faces of two pieces 
of core whose length is at least 5 times their diameter. The heater 
is switched on and the temperature time curve at two points on the 
surface gives values of K and k in an axial direction. 
3.:4• The Thermal Diffusivity of a Cylinder or Block 
Among the earliest transient methods is that described by 
Ayrton and Perry (1878). They used Fourier's expansion for the 
temperature at the center of a sphere with constant initial temperature 
whose surface temperature is suddenly changed. From the temperature-
time curve for the center of a ball of rock they could calculate the 
diffusivity. This quantity, when combined with the density and the 
calorimetrically determined specific heat, gave a value of the 
conductivity. 
Jaeger (1959) gives an example of the method as applied to 
a cylinder whose length and diameter are equal. In thiG work, the 
technique has been applied to the problem of determining the bulk 
conductivity of coarse-grained rocks. 
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T.AJ3LE 3-1. ME.li.SUP..EI/JEJ.\fTS USIKG ri.Illi LJJ.iJE-SOURCE METHOD OF J.ll.EGER .AND 
SASS ( 1964) .AND DIVIDEm BAR DETER.l"YIINNrIONS OF CONDUCTIVITY (K and k 
are expressed in 10-3cgs, cal; the specimen temperature is about 20°c) 
Rock Line Source Divided Bar 
K k pc K 
Dolerite 5 .1 9.2 0.55 5.0 
Wocrbeyan Marble 7.7 15.0 0.51 7.6 
Carrara Marble 7.3 14.4 0.52 7.0 
Solenhofen Limestone 6.9 13.6 0.51 6.7 
Granodiorite (BV-10) 7.0 14.6 0.48 l II (BV-11) 7.3 14.9 0.49 7.2 to 8.0 
It (BV-12) 7.5 15.2 0.50 ~ Mean = 7 • 7 ) 
II (BV-13) 7.0 1L1 .• 0 0.50 ) 
I -
\'' 
tbick. 
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zero initial 
v ( 
v 1 (2n+1) 
2n+1 
aro ) . 
block ion::o a, b 1 the at the tric 
cex1ter is 
v ) . ) . ) 
fo.r the calculated from the values 
[llld '11able 
for the 
center of a block of rna .. rble* last column shovv::; values 
of 2 In this sec a is 10. so that 

C BJ\fTER o:&' 0}? s IJJJ.~ 2 Et 
INITIAL ) 
I ' 
23. 
k = 13.1 X 10-3 crn.2 /sec. 1l 1he value of pc for calcite is known (Birch 
et aJ.., 1942) and, using the value (0.535) for 25°c, K is 7.0 meal/cm 
0 
sec C. This agrees with the value (7.0) measured with the divided 
bar. .A.n experiment of this type with a gronite specimen is discussed 
in Chapter 5· 
3.5. Rapid Methods of Estimating Conductivity. 
In some instances, a large number of fairly crude estimates of 
conductivity is required: in others, the only samples available are 
in the form of small chips or flakes (~ rotary or percussion drill 
samples). There a.re two transient methods which can be used in these 
circumstances. 
The first is that described by Powell (1957). The apparatus con-
sists basically of two metal balls mounted in a block of insulatiri...g 
material. One of the balls protrudes slightly from the block so that 
it comes in contact with any surface on which the block is placed. 
The specimens are allowed to come to room temperature a.nd the comparator 
is heated to a given temperature above that of the room. Each of the 
balls has a thermo-ju...nction embedded in it. These are connected 
differentially and the comparator is placed on the specimen, the 
temperature difference between the two balls being observed after a 
given time interval. Powell found that this temperature difference 
was directly proportional to the square root of the conductivity. The 
apparatus can be oalii::lrated againnt 111'.-",terials of known conductivities 
and the conductivities of unknown specimens, read from a graph. Some 
preliminary observations were made with an apparatus of this type, 
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TABLE 3-2· REDUCTION Oli' TEI\IPERATURES AT THE CENTER OF J.. M.ARBLE BLOCK 
(COHSTJulfT INI'.UAL TEMPERATURE, SURFACE Tlil\iIP};RATURE SUDDENLY RAISED BY 
16°C AT t = o). 
v(nt0 ) v(2nt 0 ) v(2t)/v(t) 2 kt /a2 n knt0/a o· 
1 0 0.16 
2 0.16 1. 41 8.81 
3 0.64 3.25 5.os 
4 1. 41 5.10 3.62 0.031 0.0078 
5 2.30 6.78 2.95 0.039 o.007s 
6 3.25 8. 32 2.56 0.047 O. OCf/9 
7 4.19 9.67 2.31 0.055 o. 0079 
8 5.10 10.84 2.12 0.0625 0.0078 
9 5.96 11.85 1. 99 0.0685 0.0077 
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but the method was found to be very sensitive to changes in the nature 
of the specimen surface and it was abandoned. 
The other method was developed by Zierfuss (1963). In his 
method, the specimen is brought into contact with molten Wood's metal 
in a copper U-tube. A thermocouple measures the drop in temperature 
at the interface after a given time. The apparatus is calibrated 
against substances of known conductivity and the graph of conductivity 
versus temperature drop is used to find the conductivity of unknowns. 
An accuracy of 5 per cent is claimed. 
Both these methods are rapid and are of some value when only 
small saiuples are available. For larger specimens, the volume sampled 
in each determination is extremely small and the number of deterraina-
tions which would have to be made on each rock sample to get a reliable 
conductivity estimate would tend to negate the advantage of rapidity. 
Neither method is of value in measuring the conductivity in a given 
direction in a thermally anisotropic specimen. 
3. 6. Summary. 
A variety of transient heat flow techniques is available for 
the measurement of thermal conductivity. Many of the methods determine 
conductivity and diffusivity in the same experiment and can be adapted 
to a wide range of specimen sizes and operating temperatures. Although 
often more time-consuming than the standard divided bar method, they 
give more relia.blc results under certain circumstances; notably, when 
coarse-grained or porous rocks are involved. Line-source methods and 
surface methods such as those of Powell (1957) and Zierfuss (1963) are 
not suitable for measur:Lng the conductivities of anisotropic rocks. 
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In these cases, it is preferable to use the divided bar (or any other 
method involving heating along a plane) with specimens cut in different 
orientations, to determine the principal conductivities. 
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a, the effective radius of the probe (cm) 
S, effective heat capaci ty/miit length of the probe 
(ca1/cm°C) 
c, J = 1.7811, where Y is Euler's constant (0.5772) 
4.2.1. General Theory. The theory of the probe is that of an 
infinite region bounded internally by a circular cylinder of a perfect 
conductor which is producing heat at a constant rate. The temperatuI·e 
rise of the probe (Qf. Jaeger, 195~ is given by, 
v = ( Q/K) G(h,a., T ) 
h = K/aH, a = 2'7ta2 P c/S, T = kt/a2 
where, 
and, 
l'o() 
I [1 -j 
0 
exp (-1: u2 )] du 
u3 6 (u) 
b,(u) =~J 0 (u) - (0v-hu2 ) J 1 (ui] 2 + 
(4.1) 
[uY0 (u) - (cc-hu2) Y1(uLJ 2 (4.3) 
J (u) and Y (u) are the Bessel functions of the first and second kinds 
n n 
and order n. 
The expression (4.2) can be solved approximately for small 
and large 'r (cf. Blackwell, 1954) and has been integrated numerically 
(Jaeger, 1956~ Sass, 1961; Benson and Benjamin, 1962) for various 
values of the pu.rameters h, a, and -r • 
If T is large, then, 
G(h,c,;r ) = 1/4'1t [2h + ln(4 T /c) - (4h-G)/20. -r + 
(a-2)/2cvr ln(41:' /c) + •••••••• j (4°4) 
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The v versus ln t curve is asymptotic to a straight line with slope 
0/ 4'ltK and intercept I on the ln t axis, where, 
I= ln (ca2/4k) - 2h (4. 5) 
The asymptote can thus be used (in theory) to find both K and k. For 
the values of h and o., appropriate to the present work the v vs ln t 
curve closely approaches the linear as;ymptote for 'L between 4 and 5. 
This is e(iuivalent to times of between 20 and 40 minutes for k between 
10 and 20 in an AX (4.a cm diameter) hole. 
4.2.2. The rarnz:e of variation of Pc and h. The quantity P c is 
in the range 0.4 to 0.6 for virtually all non-porous rocks. It is lower 
for feldspars and quart:;: than for calcite and mafic minm'als. Figure 4-1 
shows the vnriation of Pc over the temperature range 0 to 50°0 for a 
number of rocks e.nd minerals (Birch, et al., 1942). lis S and a are 
usually known, it thus follows that a. cru1 be estimated to within 
+ per cent. Also, if K is known, t~1en k can be e~;tirn.e.ted to the 
same accuracy. 
The quantity h depends on the radius, a, of the hole, the 
thickness of the contact layer and the rE.tio of the rock conductivity 
to the effective conductiv:ity of the contact layer. This latter 
quantity fa difficult to deternine, as heat transfer across the contact 
layer can be by a complicated com1)int?.tion of conduction, convection 
and radLction. The order of mac:nitude of h for the probes and holes 
used in the:::e experiments i;3 O. 5 to 1 for a water contact and 10 to 
20 for an air contact. 
Blackwell ( 1954) cives a short timo ~>olution of eo. 4.2 
which can, in theory, be used to calcule.te H and thus h. However, 
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Crowe et al. (1963) have found experimentally that the error in the 
value of H derived by this method is very large - up to 50 per cent. 
4.2.3. The use of the 1n t intercept to determine k. Jaeger 
(1958) has suggested using the intercept on the 1n t axis to obtain 
a value of k and to improve the value of K found from the slope of the 
asymptote. The intercept occurs at T = C/4 exp (-2h). If h is zero 
or precisely known, accurate values of k and K can be o-btained by a 
series of successive approxirm.tions. This latter process involves 
drawing an asymptote for the v vs hi t curve, comparing the 
experimental value of Kv/Q at '! = C/4 exp (-2h) with the theoretical 
value, and drawing a new asymptote for which the two values are equal. 
The process is repeated, using the new value of k obtained in the 
preceding approximation, until the values of K, k and Kv/Q are con-
sistent with the theory. 
It is obvious from eq. 4.5 that the v2.lue of k is very 
sensitive to h and, if, as is usually the case, h is not accurately 
known, the above process cannot be used to find k. Crowe et al. 
(1963) have estimated that, for the radius and contact layer thickness 
s.ppropriate to a borehole probe, the experimentally determined value 
of k can vary by a factor of 2 or 3 for a water contact and by an 
order of magnitude for an air contact. 
The intercept can, however, be used as a check on the value 
( SS ) of K. AG P c is known within narrow limits 4. 2. 2 , a value of k 
can be calculated from the K obtained from the slope of the asymptote. 
This value can then be used :i.n eq. 4. 5 to find a value of h. If h 
I•·• 
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is of the right order for the parameters of the particular experiment, 
the K value L:::, to some extent, confirmed. 
4.2.4. Curve fitting. Vmen h is not known, values of K and k 
can 1rn obtainE)d by a process of cu.-rve-fitting. Beck et al. (1956) 
have described one method whereby the log v versus log t curve is fitted 
(visually) to one or more theoretical curves of loc; G ver~ms log 't' , 
the displacement of the axes giving log ('-2/K) and log (k/a2). 'rhey 
found, es above, thf:i,t the va,lue of k was very dependent on that of h. 
Theoretical om·ves for various valuec3 of h could be fitted to the 
experimental curve, resulting in quite consistent values of K, but 
Jaeger (1959) has proposed a refinement of the method in 
which, for a 
tion with the theoretical curve G(2T)/G('t') to find K and k. 
In comraon with all other methods utiliz the early part of the 
temperature-time curve, this type of reduction is useful only when 
h is known. 
Although curve-fitting will not give unique values for the 
thermal con;:; tc:Jlts, it is a useful check on the values obtained fro1a 
the asymptote for large time. r:J.1he values of K ruld k, calculated from 
the slope and intercept of the EJ,symptotc (\ 4. 2. 3), should be 
consistent with tho;:;e found from a curve-fit using a rea.:;onable value 
of h. 
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4.3. Apparatus. 
4.3.1. General description. The probes are essentially cylindrical 
heat coils with one or more ernture sensors attached. '11hey also 
hc:ve end seahi that :prevont heat los;:l bJ a,."'{Lcl convection of the contact 
layer. Heating cable was clo;rnly a.'1d non-inductively wound on a brass 
mandrel after one or more therr:tistors had been set in the wall of the 
mandrel. 
The dinensions and resfotances of all p:::.·obes a:re given in 
1l.1able 4-1. The main features of probe F-5 are depicted in Fie,11re 4-2. 
Probes F-1 to l!,-4 are similar to F-5 except thci"t they have no provision 
for the introduction of a liquid contact layer in dry holes Ecnd, with 
the exception of Probe F-4, they have only one thermistor (attached to 
the mandrel wall at the center of the heatine; coil). 
Blackwell ( 1956, estimated theoretically that the probe 
length to hole diemete:r ratio (1), for which the axial heat flovi at 
tlrn center of the probe is neif~ligi.ble, is about 30. Laboratory experi-
ments using simple probes (Sass, 1961) h2we shown that this estimate 
is quite conservative and, that good results are o-btained with L as 
low as 10. For the probes used in field measurements, L is about 20. 
This was considered sufficient as any axiel heat flow could be detected 
with the second thermistor 20 cm from the center of the probe. 
Probe 1-1 differs from the others in that temperature was 
measured by recording the voltage of a copper-constantan thermojuoiction. 
'I'he essential details are shown in Figure 4-3· In this case, L was only 
10. This was dictated by the dimensions of the ;:;pecime11s (roughly 
cubes of length 20 to 30 cm) and b,; the length of the drills available. 
'1 
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Fig. 4-3· Diagram showing detcdls of probe L-1 1::w:1c1 the relr\tion-
ship of the probe and hole dim11eters. The space is filled with 
Wood 1 s Metal. T is a 26 S'VVG copper-consts,ntan thermojunctiou 
flush with the outer surface of the probe mandrel. 
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could be read by means of a gauge at the top end of the pressure hose; 
(the pressure hose was ordinary oxy-acetylene welding hose). A pressure 
of 1 atm was sufficient to hold back a column of water 1.5 m high in 
glass tubing. An over-pressure (the pressure in excess of that necessary 
to balance the hydrostatic head) of 1to1.5 atmwas used in all experi-
ments, the higher pressure being used where water was observed to seep 
away along rough, pitted rock surfaces. 
In one hole (M-1-P-1) water was flowing from the collar at the 
rate of about 2 litres/min. The measurement was made at a depth of 
7 m. When the pressure of the seals reached 1.5 atm, the water flow 
tended to push the probe up the hole; however, when the pressure was 
increased to 3 atm, the probe stayed in place and the water flow ceased. 
The use of inflatable seals in holes deeper than 20 to 30 m 
involves bulky air hoses and supporting cable. While this is incon-
venient, the problems are not insuperable. In many instances the 
measurements can be made while the drj_lling rig is on the site and the 
equipment can be designed to utilize the drill rods or heavy wire lines 
that are used during drilling. 
Some authors (cf. Beck et al. 1956; Misener and Beck, 
1960) advocate the use of the so-called 1bottle brush 1 seal. It 
consists of a number of rubber washers having short radial cuts at 
close intervals around the perimeter and separated by thick ebonite 
washers. This seal ha,s the virtue of simplicity and does away with 
the need for a heavy pressure hose and supporting rods. There are, 
however, a number of objections to its use: (1) it is sufficiently 
flexible for only small changes in radius; (2) it offers little or 
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no resistance to small water flows which may not be detected in the 
temperature-time curve and, as a consequence, lead to erroneous 
conductivity values; (3) in a hole (like IvI-1-P-1) from which water 
is flowing, no conductivity measurements are possible. 
A piston operated liquid seal would be as flexible as the 
air-inflated type and would not involve a bulky air hose. With such 
a seal, an electrically driven piston (a meter or so above or below 
the probe) forces liq_uid into the inflatable seals, causing then to 
expand against the wall of the hole. This type of seal was rejected 
for a number of reasons: (1) it requires at least one extra electrical 
lead; (2) it is more difficult to build than the air-inflated type; 
(3) the use of a liquid increases the likelihood of heat losses through 
capacitive end effects and convection of the liquid in the seal. In 
spite of these difficulties, the latter type of seal may be superior 
to the air-inflated one for very deep holes. 
A·2·4• Thermistor placement. The thermistor is installed before 
the heating wire is wound on the mi:mdrel. 
Details of the thermic;tor placement are illustrated in 
Figure 4-4· A hole, O. 64 cm in diameter, is drilled in the wall of 
the mandrel. A brass tube 0.06 cm thick and 1 cm long is then hard-
soldered into the hole and its inside surface is roughened. Next, 
the glass envelope, G, of the thermistor is ground down almost flush 
with the thermistor bead T and the thermistor leads are connected 
to insulated leads (L). The thermistor and the ends of the insulated 
leads are then encapsul3,ted in a cylinder of epoxy resin about O. 5 cm 
in diameter and 1 to 1.5 cm long. After this, the thermistor is 

~ 1cm.~ 
Fig. 4-4· Dete~ils of thermbtor assembly: III, probe mandrel; 
T, thermistor bead; G, glass envelope; E, epoxy resin; 
L, insulated leads. 
i j 
I 
calibrated and the cylinder is bonded (with epoxy resin) to the wall of 
the brass insert. The thermistor bead is almost flush with the wall of 
the probe mandrel. 
4-4· E;x:perimental Example for h = O • 
• j 
· .. 1 Probe L-1 was used in laboratory conductivity determinations on 
large rock specimens. The samples were roughly cubes of side 20 to 30 cm. 
A hole 1.7 cm in diameter was drilled through the specimen, the specimen 
was heated to about 50°c and the probe was cemented into the block with 
liquid Wood's metal. The block was then cooled to room temperature and 
left for over 24 hours to allow temperatures in the block to stabilize. 
'I1he use of Wood 1s metal provides a very good contact (cf. Woodside and 
Messmer, 1961) h being about 0.02 for these experiments. 
The experimentally determinF::d thermocouple calibration of 
40 pV/0 c was linear to better than 0.1 per cent for the temperature 
rises (5° or so) u:::ied in thi:J series of experiments. The sensi ti vi ty 
of the recorder was 0.5 µV/div. 30 that 1°C = 80 recorder divisions. 
The experimental curve for a calcite agi:~egate (Wombeyan 
Marble) is shown in Fieure 4-5 for a power input of 0.129 cal/cm r::ec. 
The slope of the asymptote is 115 and the intercept is 3.11). This 
leads to K = (80) (129)/4'11:(115) = 7.14. From e<~· 4.5 (for h=O) k is 
14. 0 and ~ c is thus O. 51. In this case cc is very nearly 2 • O. From 
Figure 3 of Jaeger (1958) tho theoretical value of Kv/Q at kt/a2 == C/4 
is O. 062; it is O. 064 from the experimental curve, ;:;o that value::i of 
K and k are consistent with theorotical expecte,tions. 
The reduction suggested by ,Jaeger ( 1959) is illw>trated 
in Table 4-2 for the same expcrimcmt. A basic time interval ( t 0 ) 
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Fig. 4-5. Thermocouple voltage versu::i time for an experiment with 
probe L-1 in a block of Wombeyan marble: curve 1 is the experimental 
curve and curve 2, the asyrnptote for large time. 
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of 30 seconds was cho.sen and the ::1econd column shows the recorder 
re:iding (R) as a function of n. From ec-'-. 4.1, it follows that, 
R(2nt0 )/R(nt0 ) = G(h,a,2-r )/G(h,ec,-r) (4.6) 
( \ ' ( \ The theoretical curve of G 0, 2, 2T ; /G 0, 2, -r i vs 'r we,s used to find 
values of 1' = knt /a2 fo:r n between 1 and 10. 
0 From n = 4 onwards 
(column 5) the value of kt0 /a2 is fafrly comtant with an average of 
0.5s5. Thi3 results ink= (0.85) 2 (0.585)/30 = 14.0 X-10-3. If this 
value of k is substituted in the theoretical curve Glo,2;r )(column 6), 
the recorder voltages are reproduced for a constant of proportionality 
(80Q/K) of 1420. Thus, K = (eo)(129)/1420;:: 7.3. The resultingp c 
value (0.52) agrees very well with that given in Figure 4-1 for calcite. 
The conc~uctivity of thir.o rn.aterial, as me1:wured by the divided bar, 
Thus, tlle thermal con:::te,nts o1Jte,ined by two different mctL.ods 
of reduction are consistent with theorJ and with independent detorrdna-
tions rn:: other methods. 
A number of runs vms also made in a block of e;ran:Lte from 
the T-2 Acces0 Tunnel of the Snowy Mountains Authority. These were 
CJ.Ui te reproducible, giving values for K, k, and Pc of 9.1, 21. 6 and 
0.42. Divided bar conductivities for two samples from this block are 
9.2 and 9· 3· 
4. 5. Measurements with a Liouid Contact. 
In the field, tLe use of a Wood 1s metal contact layer is 
impracticable, and fo!' the tem~.lerature ric;es used (5 to 10°C) h we,s 
found to be ar)preciable for a water contact. For probe 1'1-5, the 
thickness of the contact layer is 3 nua for an lJ( hole &vid 6. 5 m.m for 
"I 
TABLE 4-2. RED UC TI ON 01'1 THE TEIVJPERATURE-TJJvlE CURVE FOR PROBE 1-1 IlJ WOivIBEYA.N IvIAHBLE. 
n Recorder R(2nt0 ) knt0 kt 1420G(o,2,o.5s5n) 0 
Reading R(nt ) 2 2 
0 a a 
R 
1 108 1. 44 0.75 0.75 102 
2 155 1. 35 1.55 0.78 149 
3 186 1.333 1.92 0.64 183 
4 210 1.319 2.28 0.57 210 
\j,J 
5 230.5 1. 301 3.00 0.60 232 '° . 
6 248 1.286 3.52 0.59 247 
7 263.5 1.275 4.12 0.59 26~4 
8 277 •. 1.267 4.58 0.58 274 
9 2s9. 1.255 5.20 0.58 288 
10 300. \ 1.250 5.80 0.58 300 
12 319 321 
14 336 335 
16 351 350 
18 364 364 
20 375.5 375 
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an },XT hole. If heat flow across the water layer is ass1 .. uned to be 
entirely by conduction, the values of h for a K of 8. 0 are O. 8 a.,,'ld 
1.3 respectively. 
'rhe particulars of the holes are given in Table 4. 3. Two 
of the experiments presented difficulties which are discussed below. 
T-2-A-4 is a fairly straight jack-hammer hole 4.s cm in 
diameter sloping upwa:rds at about 15° to the horizontal. T'ne hole 
was completely dry so that a water cont~'>ct layer was introduced 
(after inflating the seals up to 1 atm) by means of the water pipes 
in the :probe. The probe was inserted with the water outlets upper-
most. Water was poured into the lower pipe until it started running 
out of the upper one. As the hole is slightly inclined, this ensured 
that the contact layer was completely full of water, with the possible 
exception of e, small air bubble nea..r the high end of the probe. The 
transparent PVC filling hoses were then suspended vertically so that 
there was a head of water of about a meter or so. The height of the 
water in the tubes was marked, and a small water lo~rn was noted. 
'I1he pressure of the seals was increased to 1. 5 atm but the loss 
continued. 
A two-hoUT hE:ating run was carried out, during which time, 
the water in the filling tubes dropped at aSl..ow but steady rate 
(FigUJ'.'e 4-6). The rate of fall of the water level was 0.22 cm/min. 
The area of each tube was 0.18 cm2, so that the leakage was 
-3 3; 1.3 X 10 cm / sec. t 8
0 The temperature ri~1e of the probe was abou 
resulting in a maximum effective power loss, due to the inflow of 
cold water, of about 0.01 cal/sec. .J.'is the totd power input was 
about 15 cal/sec, this power loss is negligible. 
i 
:j 
~l 
I 
Hole 
Strorn-1 
M-1-P-1 
T-2-A-4 
Drom-1 
Drorn-2 
N-38 1 
N-38 2 
BilfIQ.-1 
TABLE 4-3· StnvlMARY OF LOCATION .IUifD CONDITION OF HOLES. 
How 
Drilled 
Diamond 
Diamond 
Jack-
hammer 
Diamond 
Diamond 
Diamond 
Diamond 
Diai11ond 
Attitude 
Vert. 
Vert. 
Hor. 
Vert. 
Vert. 
Incl. 
Incl. 
Hor. 
Dia. 
cm. 
4.s 
5.5 
4.s 
4.s 
4.s 
4.s ) 
) 
4.s ) 
3.8 
Location 
Spring 
Valley, ACT. 
Murray-1 
Pressure 
Tunnel 
T-2 Access 
Tunnel 
Narooma NSW 
Narooma NSW 
13 Level 
l'vlt. Isa Mines 
Black :Mountain 
Quarry 
Canberra 
Rock 
Porphyry 
Scammels 
Granite 
Granite 
Pyroxenite 
Monzonite 
Pyritic Shale 
Quartzitic 
Sandstone 
Contact 
Water 
Water 
Water 
Water 
Water 
Water 
Air 
Comments 
Water flowing from 
collar at 2 litres/min 
Originally dry-water 
contact introduced. A 
water loss of 1.3)(10-3 
cm3/sec occurred during 
the experiment. 
Originally dry-water 
contact introduced. 
No water loss. 
1 is parallel to the 
bedding and 2 is in-
clined at 25° to the 
bedding. 
Dry-numerous joints and 
cracks,measurements made 
with probe F-4,air gap 
1 mm. 
-+~ 
..... 
. 
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This experiment indicates the desirability of measuring, 
where possible, the rate of water loss from the contact layer. Larger 
water losses than that recorded above conceivably could result in a 
smooth curve for which the value of K is much too high. 
For the above experiment, the slope of the large time 
asymptote gives K == 8.1 and I= 4.01. If K is combined with the value 
of Pc (0.45) from Figure 4-1, the expected value of k is 18.0. 
Substituting I and k in eq. 4.5 results in hdJ.5 - the same order as 
that (o.e) calculated on the assumption of conductive heat tre.nsfer 
across the water layer. a. was estime.ted as lying between 2 and 3. 
Curve fits for Ofh~0.8 and 2~C1.=3 (Table 4-4) result in K values 
between 7.6 and 8.9. The curve G (0.6, 2.5,1:') gives the values of 
all three thermal comtants which are consistent with Figure 4-1 and 
the large time solution. As noted by Beck et al. (1956) the k values 
vary over a much greater range than do the K values. 
Hole l\iI-1-P-1 is AXT (5·5 cm diameter) and the measured 
section is in Scammel's granite. J..s stated above, ( 8 s 4.3.3) water 
was flow:i.ng from the collar and an over-pressure of about 2 atm was 
required to stop flow a11d hold the probe in place. 
Temperatures measu.red before the conductivity experiment 
(Figure 4-7) indicate that the water flow originated from a depth of 
about 30 m. 0 The temperature of the probe was steady to 0.01 C for 
the first 15 minutes after inflating the seals. A two hour heating 
run was then made end the terape:catm~es of both thormi:::: tors were 
consistent, indicating that there was no axial heat flow. The 
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Fig. 4-7· Temperatures in hole M-1-P-1 before the thermal 
conductivity experiment. 
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(b) 
Fig. 4-8. Schematic diagram showing the effects of the irre€;,>Ular 
curvature of the ads of a jack-hammer hole: (a) the probe is 
touching the wall at points A and B leading to a net ~:i.al flow 
of heat away from tho center of the probe; (b) the opposite from 
(a) - the effective heat input at C is higi1 owing to axial heat 
flow towards the center. 
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was about 0.14 cal/cm sec. This means that an axial gradient of 
0.01 °C/cm at the center of the probe will cause an effective heat loss 
of about 5 per cent. 
Early experiments in jack-hammer holes gave high con-
ductivities for both air- and water-filled contact layers. When 
these were repeated using probes with 2 thermistors, temperature drops 
0 
of as much as 5 C were observed over the 20 cm interval between the 
2 thermistors. An extreme case is illustrated in Figure 4-9· Here 
0 the difference in temperature reaches 5 C and the temperature of the 
center thermistor flattens out between 80 and 90 min and then begins 
to fall. In another case, where the apparent conductivity was about 
20 per cent higher than the divided bar value, the difference in 
temperature between the 2 thermistors was about 1°0 over the time 
interval 1 to 2 hr· 
There are no significant axial gradients in straight holes 
where a water contact is used. Table 4-5 shows temperatures for the 
two thermistors during an experiment in hole Strom-1. There is an 
average gradient of o.0035°c/cm between the two thermistors after 
90 minutes. This indicates that the probe length to hole diameter 
ratio of 20 is just adequ&.te for a 90 minute experiment in a 5 cm 
diameter hole with a water contact. 
it thus appears that, for an accurate conductivity deter-
mination, the hole must be straight enough so that the probe is not 
appreciably closer to the wall of the hole at one point than it is 
at another. Diamond drilled holes generally seem to fulfil this 
qualification, whereas most jack-hammer holes do not. 
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TABw..: 4-6. 
Hole 
Strom - 1 
M-1-P-1 
T-2-A-4 
j 
I Drom-1 ! 
Drom-2 
N38-1 ~ 
N38-2 ( 
BMQ.-1 
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COllIP.!illISOJli OP PB.ODE i!.:ND DIVIDED BAR MEASUP..EI,Ih!HTS 
Rock K 
(Probe) 
Porphyry 7.4 
Granite 8.6 
Granite 8. 1 
Pyroxenite 6.7 
I\Ionz on it e 4.6 
Pyritic 16.9 
Shale 15.9 
Sands tom~ 15.2 
lfo. of 
Spec. 
3 
6 
6 
6 
12 
10 
l 
Divided Bar K 
Range 
7.3-7.7 
7.7-9.4 
a.0-9.5 
7.2-7.7 
L1.6-5.1 
9.0-24.0 
15.2-16.1 
Mean 
7.5 
8.6 
9.0 
7.4 
4.7 
15.6 

The cylindrical probe appears to be quite reliable for in situ 
thermal conductivity determinations subject to the following comments: 
( 1) Diamond-drilled holes should be used with a water contact 
wherever possible. 
(2) If a dry hole must be used, the air layer between the 
probe and rock should be no grec,,ter than 1 mm. Jack-hammer holes are 
usually not straight enough to allow such a small clearance. 
(3) There should be at least two thermistors in an axial 
direction to determine whether ruiy axial heat flow is occurring. 
(4) A positive seal (~., the inflatable seal used in this 
work) at each end of the probe is preferable to a seal that merely 
inhibits convection. With the forme1' seal a water contact can be 
introduced i:r..to a dry hole and measurements can be made in holes from 
which water is flowing. 
(5) Srna.11 water losses along cracks and joints in the rocks 
can result in erroneous conductivity values. It is therefore, highly 
desirable to su"bject the contact la;:rer to a head of water to determine 
whether water losses a.re occurring and to measure their ma.gnitude. 
,, 
j 
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CHAPTER 5 
The Conductivi,ty of Coarse-Grained Rocks 
5.· 1 • Introduction. 
In the preceding chapters, we have seen that there are many 
methods of measuring the conductivity of rock specimens to a precision 
of a few per cent; however, one importf',.nt question does remain. How 
well does the conductivity of a laboratory specimen or even that 
measured in situ with a cylindrical probe represent the conductivity of 
a large mass of the rock? hven with the most detailed work we can 
sample only a very small proportion of the total volume of rock 
involved in a heat-flow calculation. 
The effective conductivity of a large volume consisting of 
rocks of widely varying conductivities is often very difficult to 
estimate because of the lack of knowledge about the relative proportions 
of the rocks and, the details of the structure of the body. In addition, 
it is virtually impossible to estimate the magnitude of the effects of 
such large scale features as joints and cracks in the rock. Significant 
errors can occur due to sampling bias, not only because of the small 
fraction of the total volume that is SEJJ:rpled, but also, the difficulty 
in obtaining suitable specimens of very friable rocks. Finally, the 
effective size of many laboratory specimem1 is only a few times that 
of the crystals of fr1dividual minerals. 
Birch and Clark (1940) and Beck and Beck (1958) have compared 
measured and computed valueEi of coarse-grained e;rani tes. Their results 
indicate that, despite the uncertainties inherent in the calcultxtions, 
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there is a possibility that laboratory-determined conductivity values 
for these rocks are significantly higher than their 1 bulk conductivity' 
(the effective conductivity of a large volume). 
In this chapter, the work of the above authors is critically 
examined and extended in an attempt to estimate the magnitude of the 
error caused by measuring the conductivity of coarse-grained rocks, 
in the laboratory, using small specimens. 
5.2. Models for Computing the Bulk Conductivity of a Rock. 
The effective conductivity of a cornpo::ii te granular material 
depends on the relative proportions and conducthrities of its con-
stituents and on their geometrical arrangement. For example, in a 
rock composed of a series of homogeneous, isotropic layers of different 
conductivities, the conductivity pa:~allel to the layering will be the 
weighted arithmetic mean or 'parallel' conductivity ( 
••• + P K n n 
K ) where, p 
(5.1) 
and P is the fraction of the rock occupied by the mineral whose 
n 
conductivity is Kn. The conductivity perpendicular to the layering 
will be the weighted harmonic mean or 1series 1 conductivity (K8 ) 
defined by, 
• • • + p /K n n 
If intercrystalline contact resistance is negligible, the quantities 
KP and Ks represent the upper and lower limits of the conductivity 
of any aggregate for which the mineral composition and the 
conductivities of the individual minerals are accurately known. 
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TAB~ 5-1. TBERlvIAL COHDUCTIVI'.11Y OP FE;LDSPA ... '1S (sP.L;;cnIB~J TK!,JP.l:.:B.ATURE 
ABOUT 25°0). 
Mineral Locality Heat Flow K 
Per:p. to 
(a) Present Work 
Orthoclase Plenty River, N.T. 100 5.8 
010 6.4 
001 6.0 
Orthoclase Olary, Sth. Aust. 100 5.4 
Orthoclase Broken Hill, lJ .s. Vil. 001 5.0 
Microcline Londonderry, VJ'. Auc;t. 001 5.5 
I.Iicrocline ? 001 6.5 
lVIicrocl. Perthite Londonderry, w. Au~:;t. 100 5.2 
010 6.9 
001 6.3 
Ivlicrocl. Perthite Spargovilllle, w. Aust. 001 5.9 
Al bite Londonderry, w. Aust. AggTeg. 5.6 
Oligoclase Langesurd Fjord, Norway 001 4.s 
Bytovmite Crystal Bay, l\'Iinn. Aggreg. 3.9 
Anorthite Albany, N.Y. 001 6.5 
(b) Birch and Clark, ( 1940) 
Ab88'~..n12 Sylmar, Pa. Aggreg. 4.e 
Ab40An60 Quebec Agcreg. 4.2 
Ab35An65 Montana 11ggreg. 4.0 
Ab2cA'1so Transvaal Aggreg. 4.4 
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Fortunately, there is not much difference between averages 
for most minerals. For example, for quartz at 25°c the averages 
are: 
Arithmetic Mean, 18.1 
Geometric Mean, 17. 5 
Harmonic lVIean, 17. O. 
For some minerals, however, there is a significant spread. In the 
case of micas, the conductivities perpendicular and parallel to the 
bedding are the order of 2 and 12 respectively (Diment and Werre, 
1964; Goldsmid and Bowley, 1963) whence, the means are: 
Arithmetic Mean, 8.7 
Geometric Mean, 6.6 
Harmonic Mean, 4. 5· 
Table 5-2 shows the range of measured conductivities at 
b t 25°c for . . 1 a ou various minera s. No averages are given, because in 
no case is the sample-size large enough to be considered represen-
tative of the mineral. The table shows wide ranges for some 
minerals; most importantly, for feldspars and pyroxenes. The 
spread in values for the latter minerals will result in large 
uncertainties in the computed conductivities of igneous rocks. 
5.4. Measurements Usirn:;; Large Specimens. 
A block of coarse-grained granite (average g-rain size, 
2 mm) has been studied in detail. A section of the surface of the 
block is shown in Plate 5-1. The relative abundances of the minerals 
2 
were dete1·mined over four 25 cm areas on the surface of the block 
and are shown in Te,ble 5-3· 
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TABLE 5-3. VOLU:M.E PERCEl~T.ltGES OJ? IvlINErR.ALS Ilif 'rIIB GRA.l\fI'l1E S LA.B 
Specimen Quartz Biotite Feldspar 
1 19 11 70 
2 24 10 66 
3 22 10 68 
4 24 12 64 
Average 22 11 67 
Thin-section studies (IvI.J. Abbott, personal communication) 
showed that the K feldspar: plagioclase ratio is about 2:1 and that 
the 1biotite' includes minor amounts of chlorite and amphibole. 
The diffusivity of the block was measured (using the method 
outlined in Section 3.4) as 13.0 X 10-3cm2/sec. The slabs were then 
pried apart. Three parallel saw cuts, about 2 mm deep and 1 cm 
apart, were made in the center of one surface of the slab. 40 s.w.G. 
copper-constantan thermocouples were placed at the centers of the 
outer slots and a length of 36 S .w .G. nichrome ( 1Brightray C') 
heating wire was laid a.lone; the middle one. These were fastened 
down with cement and the slabs were cemented together again so that 
the heater and thermocouples were roughly along a plane through the 
center of the block. The distance between the thermo-junctions was 
+ measured as 2.20 - 0.05 cm. 
The block was placed between the two slabs of ce,lci te marble 
so that the sample was, in effect, a cube of rock of side 20 cm with 

a line-source heater along one axis. This sample size was sufficiently 
large that, for a 5 minute experiment, the srunple could be considered 
an infinite medium. The thermocouples were connected in parallel and 
two heating ~ins were made. They gave the same values; K=7.00 , 
+ + k=13.8 - 0.7 and pc = 0.507 - 0.025• The experimental errors shown 
for k end oc are due to the uncertainty in the spacing between 
thermocouples. The K value is independent of thermocouple position 
so that its experimental error is only about 1 per cent (due to the 
uncertainty in the power input). 
Two cores, 3.5 cm in diameter and 15 cm long, were drilled 
from the block. Their thermal constants were measured using the 
method of Section 3.3. The results are: Specimen No. 1, K=6.7 3, 
k=13.3, pc= 0.505; Specimen No. 2, K=7.1 6, k=14.2, Pc= 0.504• 
Thirty disk specimens were prepared - 6 each of thicknesses 
1, 2, 4, 6 and 8 mm. The results of the divided bar measurements 
are surrrrnariz ed in Table 5-4· The results for tl1e 4 mm disks are an 
error 
indication of the large samnlinv/which 
.I.. -·'; 
ca:n result from measuring 
only a few thin disks of a coarse-grained rock. The values for disks 
thinner tlu~m 6 mm show considerc ble ucatter and their weighted moan 
disks. The former figure is a reasonable lower limit for the 
parallel conductivity K • The conductivity of the feldspars and p 
mica, ascmming 17.0 for quartz, must then be greater than 5.0 
(KP calculd,'ld from the results of Table 5-3 using 5.0 is 7.6). 
From the averaces of Tr;,ble 5-1 and the K feldspar: plagioclase 
ratio of 2:1, the feldspar conductivity should be around 5.5. 
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Both computed and measured values of the thermal constants 
of the block are summarized in Table 5-5· There are no significant 
differences among values obtained by the various methods. 
The thermal constants of 28 specimens of Kosciusko and 
Island Bend granites were measured using the line-source method of 
Section 3.3. 1I'he results (together with divided bgr conductivities) 
are in Table 5-6. The scatter in K and k values is la:cge -
about the same as for the divided be.:r specimens. The relative con-
stancy of p c indicates tb1t this scatter is due to ve.riations in 
mineralogy and not, experimental error. 'I1ho average conductivities 
+ + are 8.33-0.1 8 and 8.45-0.1 6 for the line-source and divided bar, 
respectively. There is, therefore, no significe..:nt change in measured 
conductivity even though the effective specimen thick.n.ess has been 
increased fro:11 about 0.6 to 3.0 cm - a factor of 5· 
The average pc is O. 507 ! O. 002 cal/cm3 0 c. The average 
density of the rocks is 2.706 ! 0.007 and their mean com:position iG 
roughly 35°/o quartz, 10°/o microcline, 40°/o plagiocl<J.se and 15°/o 
biotite (C.J. Zilverschoon, personal communication). From densities 
and specific heats given by Birch et al. (1942), the expected value 
of pc is about 0.50 which compares favourably with the experimental 
value. 
Divided bar measurementf~ and measurements on larger 
specimens of coarse-grained granite rocks are summarized in T.§1.ble 5-7· 
The largest discrepancy between measurements is 10 per cent. 
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TABLE 5-6. THERl,IAL PROPERTIES 01" SlJOVQY MOUNTAINS GRANITES USING TI-IE 
LINE-SOURCE METHOD OF SECTION 3. 3 (IV11-:tU:T SPECII\n!~N TEMPERATURE, 21°c). 
Station Divided Line Source 
:Sar K 
K k pc 
SG 31+06 7.5 8.2 15.7 0.52 
42+14 6.4 6.6 12.8 0.52 
91+42 8.3 7.0 13.7 0.51 
100+70 9.6 9.2 17.6 0.52 
197+20 7.2 6.7 13.7 0.49 
248+12 8.4 7.0 14.0 0.50 
293+40 e.5 8.6 17. 4 0.50 
339+90 7.3 7.6 15.2 0.50 
350+00 9.3 8.5 17. 4 0.49 
ES 379+70 7.4 7.0 13.9 0.51 
448+21 e.5 9.2 17 .8 0.52 
460+27 a.9 9.0 17.9 0.50 
490+20 9.4 9.6 19.5 0.49 
509+18 9.2 9.5 18.8 0.51 
519+68 8.1 9.1 17.7 0.51 
528+25 9.0 8.4 16.8 0.50 
599+12 7.2 7.0 14.2 0.49 
609+73 s.6 9.4 18.4 0.51 
619+85 e.7 8.6 17.1 0.50 
629+29 8.1 9.2 1s.3 0.50 
638+62 9.3 s.9 17.3 0.52 
670+33 s.3 8.2 15.6 0.53 
680+57 9.5 8.5 16.5 0.51 
686+00 8.1 10.2 19.9 0.51 
700+20 s.5 s.s 17 .1 0.51 
710+68 8.3 7.5 14. 7 0.51 
751+83 s.2 7.7 15.1 0.51 
780+04 7.9 15.6 0.51 
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TABLE 5-7. SillvlM.ARY OF CONDUCTIVITY MElASURElilENTS ON CO.ARSE7 GRATIJED 
GRJIJUTI C ROCKS 
Specimen Conductivity Reference 
or Hole Divided Bar Large Specimen 
BV-1 + 7·70-0.14 + 7 .20-0.12 Table 3-1 
T-2-.A-1 9.25 9.1 Section 4.4 
T-2-A-4 9.0 8.1 Table 4-6 
M-1-P-1 + e.58-0.23 8.6 Table 4-6 
Slab + 6.6a ) 7.05-0.11 
b ) 7.00 ~ Table 5-5 c 
6.9 4 ) 
Snowy 
+ + Moun ta ins 8.45-0.16 8.33-0.18 Table 5-6 
Granites 
a Diffusivity by the method of Section 3.4 together with the experi-
mentally determined pc 
b Line-source determination (,Q.f. Jaeger, 1959, Section III) 
c Line-source determination (Qf. Jaeger and Sass, 1964) 
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transmitted to the thermistor. Misener a.'1d Thompson ( 1952) found that 
there was a pressure coefficient of resistance equivalent to about 
o.3°c ppr k f' h t f ~ .m o ydros a tic head ··or the thermistor that they were 
using. No laboratory tests were made with the thermistors used in 
the present measurements; however, a field check was carried out. 
The temperature difference measured, over a 300m interval, by the 
thermistor probe agreed with that measured using a maximum thermometer 
to within o.1°c (the limits of precision of the maximum thermometer 
measurement). The error due to pressure effects is, therefore, no 
greater than that found by Misener and Thompson. 
All thermistors were calibrated before and after every field 
trip. Frequent calibration checks were also made in the field. In 
no case did the temperature-resistance relationship at any point chanc;e 
by more than a few hundredths of a degree. The maximum calibration 
error of the absolute temperature iEi thus only about o.1°c and the 
error of relative temperatures in ariy borehole is negligibly small. 
6.2.2. Underground water. In jointed rocks and rockl~ that have 
been severely weathered, movement of underground water can cause large 
changes (occasionally even reversals) in the temperature gradient. 
Fortunately, this is usually confined to the upper few tens of meters. 
rrhe worst instance in this work was Broken Hill (Sass and LeMarne, 
1963), where the effects of weathering and water flow were observable 
to a depth of 150 m from the surface in some holes. 
6.2.3. Structure. If a given locality has complicated 
structures consisting of rooks of different conductivities, the 
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isotherms may be distorted and the temperature gradient in a single 
rock, not represent the equilibrium heat flow for the area. W'nere 
the structures are well defined from detailed geological mapping 
(cf. Bullard, 1939) the effect of the structu.-re can be estimated, 
either by calculation or by an electrical ar1alogue. There are, 
however, many areas where geological structure is not well known. 
One su.bh area is Rum Jungle. Here Howard and Sass (1964) 
found that heat flows mEiasured in amphibolite intervals were 
anomalously low compared with those measured in more hi~ly conducting 
schists and slates (cf. Table 1 of Howard and Sass). The most likely 
explanation was that the amphibolites were na:rrov1, steeply dipping 
bodies in a large mass of the more highly conducting rock. If this 
were so the temperature gradient in the amphibolHes would be the 
same as that in the surrounding rocks and apparently low heat flows 
would result. This interpretation is consistent with what ic:> known 
of the geology of the area (R. Bryan, personal communication; Bryan, 
1962) in that many of the arnphibolites are thought to be dike8 or sills. 
6. 2. 4. Leachinc:; and Oxidation. Around mine openings w~ter-
soluble minerals such as carbonates are often attacked by circulating 
underground water. These are lee,ched away, leaving :Julfide minerals 
exposed to subsec:uent oxidation. In this way, tenpHratures in 
localised portions of some) rninm.1 llecome so hish as to make normal 
minint; operations impo':i sible. In on(:) hit;hly oxidized ::;ection .of the 
Mount Isa Mine, the a:i.r tr":.11Jerature i:J alrnut 100°c (P.J. Solomon, 
personal conmru:nicc ti on). Hyndman c:tlld (:i.n preparation) measured 
ter:ipcratu1°es in several diamond-drilled hole:> inclined fron variour:; 
levels in the mine and, from the surfe.ce, over sever21 kilometers 
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TABLE 6-1. TElcPEl1l\11.1lJRES rn DDH C-80, lifORSElVLt:1.N, WESTEHl1J AUSTRALIA. 
Depth, Temperature, 0c 
m 
30 
61 
91 
122 
152 
168 
183 
198 
213 
229 
244 
259 
274 
290 
305 
320 
335 
350 
366 
381 
396 
411 
427 
2 hr after 
drilling 
22.35 
22.75 
23.05 
23.4 
23.8 
24.2 
24.6 
25.1 
25.6 
26.1 
26.55 
27.05 
27.5 
4 weeks after 
drilling 
21.25 
21. 6 
21.95 
22.3 
22.75 
. 23.0 
23.25 
23.5 
23.75 
24.0 
24.25 
24.5 
24.75 
25.0 
25.25 
25.5 
25.75 
26.0 
26.25 
26.5 
26. 75 
26.95 
27 .15 
'" 
' " 
I ' 
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which it penetre,tes depends on three factors; ( 1) the length of time 
the water has been present, (2) the thermal diffusivity of the rocks 
and (3) the solid angle subtended by the water-covered surface at the 
depth under consideration. If the lake has persfoted indefinitely the 
disturbance i;3 purely a function of (3). Birch (1954) used the steady-
state correction to est:Lmate the effect of a lake on temperatures at 
Calumet, Michigan. Lachenbruch (1957a) developed the theory for the 
case of finite time. Lachenbruch (1957b) alBo developed the theory 
for the effect of the ocean on temperatures measured in permafrost and 
used it to correct I'ilisener's ( 1955) estimate of heat flow at Resolute 
Bay. 
Lachenbruch 1 s (1957a) theory has been used to determine the 
effect of Hannan 1 s Lalrn at Kalgoorlie on the temperatures near the lalce. 
The lalrn is very shallow. It occasionally dries up completely, at 
which times, the salty sediments are carried off by wind erosion. The 
extrapolated surface temperatures for holes collared on the lake bed 
are about 2°0 lower than those for holes collared off the bed (cf. 
Sass, 1964a, Figure 3), suggesting that the lake bed is cooled by the 
evaporation of water. Details of the corrections are given by Sass 
( 1964a.) and the corrections are SU.'1lll1arized in TnblG 2 of the same paper. 
The corrected gradients have a much smaller range than the uncorrected 
ones. The corrections are about -10% for the two holes collared on the 
lake bed and +1 afo for ·the one collared on the edge of the lake-. In the 
case of SE-4, about 1 km North of the lake, the correction is negligible. 
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At Mount Isa (Hyndman and Sass, in preparation), hole BW 196 
was collared on the edge of an artificial lake that had been filled 
in 1947. Here, theoretical calculations showed that the disturbance 
had not penetrated beyond about 100 m so that the latter section was 
neglected in calculating heat flow. 
6.3. Summary. 
The largest single instrumental error in the temperature 
measurements is the systematic error due to the effects of pressure 
on the thermistor probe. It was not determined precisely but, does 
not exceed +o.3°C/km. This would result in a maximum sy::;tematic 
error of between +1 BXld +3 per cent of the temperature gradient. 
The magnitude of the other errors discussed in Section 6.2 
is dependent on the structure and geological history of the individual 
areas. .4..t Rum Jungle the gradient measured in the amphibolites 
appeared to be too low by a factor of 2 owint: to structure; however, 
in most cases the error probably does not exceed 10 per cent. 
Topography is important only in isolated cases •. Topographical 
corrections were made for the Snowy Mountains (Howard and Sass, 1964) 
and an estimate of the effect of topography was made by the 
2-dimensional method of Lees (1910) for a short hole on the side of 
a hill near K8Xlmantoo, South Austral:La (Sass, 1964b). 
All temperatures measured by the writer are listed in 
Appendix 1 or in the appended papers. 

7a. 
CH.APTER 7 
Heat Plow 
In this chapter, heat flow L; expre~ised as peal/ cm2 sec and 
d t . . i / oc. con uc i vi ty as mca / cm sec The standard error is used as a measure 
of the c3catter in the data. 
7o1. Previous work. 
The first meaourement of heat flow ir.. Au:..~tralia was made by 
Newstead and Beck (1953) from five boreholes (all that were available) 
in Ta::omania. 1:..11 heat flov1s were gree,ter than 2.0. ThiiJ was a very 
much higher value than was expected and it may be noted that while 
Bullard (1954) quoted the Tam:'lanian result, he did not use it in his 
e.vera0:e of the few world values then ave,:i.lo.ble. ~it the sane time Bullard 
surn;:::ested that the complex of tunnels in the SnovrJ 
(which at that time were expect<::d to be in deeper cover than tho~ie 
finally excavated) would forn an admirabl<) region for a study of heat 
flow. This project was taken up enthusiastically by the Snowy J:;Iountains 
Authority and its geologists hnve made measurements of temperature in all 
tunnels excavated to dF~te. Two preliminn,ry results of thic;~ work have 
appeared: Beck ( 1956) made measurements in a seric:;:; of short holes 
drilled from the:; surface in the area and obtcined <.'1, heat flU:<<' of 2.2; 
Howe,rd ( 1964) made a study of the topoGraphic correction for one tunnel 
and obtained a similar result.* 
* It may be remarked that temperature mea~mrements in the Snowy tunnels 
are now almost completed, th2t adec~u:rte rock conductivities have been 
measured mostly by the writer (Table 1 s 1 of Appendix 2) and that the map 
readings for the topographic correction have been completed - but this 
work has come too late for inclusion in the present thesis. 
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Tb.is work bas been published as it was oompleted and the pub-
lications are incl.uded in Appendix 3· 'lne general re2ults with a few 
additional comments are restated here. 
7.2.1. Re-evaluation of Howard's Results. Eight of the sites 
measured by Howard were water wells or other percussion holes from 
which no conductivity specimens were available. These have not been 
considered in the present study. In addition, the temperatures from 
two oil wells were completely unreliable so that these were not con-
sidered either. 1'1or the remaining fifteen sites new conductivities 
have been obtained and revised h(;at flows calculated (Howard and Sass, 
1964). The revised values are generally higher than those obtained by 
Howard but confirm his findings of a large difference between llGat flov1 
from the Western Australian goldfields and other areas. 
Howard 1 s resv.l ts have been supplemented by detailed measure-
ments at Kalgoorlie, Norseman E'J.1.d Coolgardie. These measurements 
(Sas:3, 1964a) confirm those o'btained previously. 
7.2.2. Tasmania. Jaeger has meafiured temperatures at all the 
available sites in Tasmania. IVieasm:-ements at these tlu·ee sitefl (Jaeger 
and Sass, 1963) confirm the high values originally found by Newstead 
and Beck. 
7.2.3. Broken Hill and Cobar. At the suggestion of Mr. 'I1 .K. Hogan 
(director of the Broken Hill divL3ion of the University of Uew ~3outh 
Wales) and Professor J.C. Jaeger, .A.hi. Le1'1arne nmde a dete.iled temperature 
survey of the Broken Hill regton and measured tecpcratures in two deep 
holes at Cobar. His work at Broken Hill included measurements in 
eighteen halos from the surface and all of the available underground 

si:Ltstone::: rock:u. 
arr;:; at 1 the Bloch:r;,de 1 , r:m area of feldcp:::.r p 
result indioute a 
scat-'.::er in valtw~J fro;::i indiYidu~1l hole:s ( 1. to 2. 112) ti1an w23 found 
i11 tl~.e II5.ll ( 1 • fl 1 to 2. 07). 
;:ic::tter :pi'obably i:J connE:cted wit!: the 
Dr1d tLe rPcl'l['.8 of conductivities ( 0 to 15.0) of the 
types. 
found by 
1l1l1 e n1sru1 f1 eo~ t + flow of 1.85 - 0.07 
s (1964). 
Otl1er I.Teasu~rernents. 
and Castl0;naim.:; in Victori2, 
These resul _Jes ar·e 
The trL:liar.1. l:toe.t-flov; 
7.3. Ma,jor Tectonic Divisions of Am;trr;:,lia. 
to the 
Tc~blo 
or rc)ck 
of 1.8 
7 ~-
1 - 1 
For tl1e purposes of the discussion that follows, it is con-
venient to adopt the broad tectonic claGsific£i.t:~on of TU11s ( 1953) 
wi tr:. modif:Lcntions du<'.! to recent work. 11he Divisiorrn are: 
( 1) The .imstralian Shield: ThiE; occupies mo;..;t of the centru,l 
and western part of tbe continent vii th the exception of the westGrn 
coaCJtc:J. region. Its western boundary is the Darline scarp e11d tho 
landward of t11e tra.lict.11 geosynclir1e, vviiile its es~stern 
boundary is the dotted line PP of Pi[;Ure 7-1. It i:3 made up of 

Place 
Rum Jungle 
') 
AU;:Vi.r.LLIJ\l, HEAT :i?LCJ\J;J ( Hml/ cm,_ sec) 
s. Lat. E. Long. Elev., 
m 
13°00 1 131°00 1 60 
Tennant Creek 19 3t1 134 13 328 
lfount Isa 21 139 300 
Cue 27 27 117 52 454 
Cabc.:i:vvin 27 30 150 12 300 
Hoonie 27 44 150 13 300 
Mount 28 11B 460 
Kalgoorlie 30 45 121 30 3so 
Coolgardie 30 57 121 10 423 
J3ullfinch 31 14 119 19 360 
Cobar 31 32 145 50 250 
Broken Hill 31 57 141 28 300 
:Norseman 32 20 121 37 305 
Radium Hill 32 30 140 30 305 
Whyalla 33 10 137 :;;o _,. 60 
Ravensthorpe 33 40 1 "() c.v 180 
Kanmantoo 35 05 139 15 150 
Canberra 35 17 11.9 08 560 
Stawell 37 03 11t2 47 300 
Castlemaine 37 03 144 13 165 
Eucumbene 39 148 1000 
Great Lakes t12 147 1000 
References: 
1 Hewstead and Beck, 1953 5 Jaeger 8.-lld 
Flow 
(2.0) 
') 7. 
.::.. • J 
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1. 2 
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1. 3 
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Precambrian rocks overlain, at many places, by :o.iediments. For the 
purposes of discussing heat flow, we nm.st divide the region into two 
pc1rts which we call: 
(a) The Old Precambrian Shield: This portion contains only 
the oldest rocks (2300 to 2700 m.y.) in the continent (Wilson et_&., 
1960). 
(b) 
These rocks outcrop in the areas 1A1 of Figure 7-1. 
The Young Precambrian Shield: This comprises the remainder 
of the shield for which ages of between 400 and 1700 m.y. have been 
measured. Outcrops of these ages are known to occur in the areas 1B1 
of Figure 7-1. 
(2) ~1he Eastern Highlands: This division occupies the 
eastern fringe of the continent, its width varying between 100 and 
800 km. It is characteri2ed topographically by hilly or mountainous 
ter-..cain arising mainly from Paleozoic tectonic activity which occurred 
between 200 and 400 million years ago (Wilson.§!. al., 1960). 
7.4. Discussion. 
Three of the heat-flow values are outside the range of 
precision of the other values because of the paucity of temperature 
measurements e.n.d/or the difficulty in o·btaining a value of conductivity 
representative of the rock types encountered. They do, however, have 
some status mid they are shown in brackets in Table 7-1 and I!'ig'Ure 7-1. 
I have purposely avoided givins an estimate of possible error for 
individual measurements. Any statistical error determinotion does 
not reflect the possibility of sarapling errors in conductivity and/or 
local te1~1perature disturbances; on the other hand, any other estimate 
of error i:::: very subjective. In view of the usual magnitude of 
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rocks. A difference in heat flow between the two 
c0.lcul··.ti.on it cc.n 1;c sn01rc that 
ble with whs,t is known of the and 
chemical properties of the earth's 
Clark nnd (i9 ) h0ve concluc''.ed t tli.c 
flovi from en p:::·o exccc:;ds 
') 
G.6 ~\cal/cm!... sec. 
bGr;,~.~8 .. tb. OC 80Xl 
can be o tEdned, in the of ex:i.::tir:.,c.::; dr~ta on h.eo.t flo1v a11d 
of tlie icfJ of the earth 1 ;3 irrterioi0 , only 
It tb:U.3 
follows th::::~t ~- me.ximun of a1)()ut c.11 pca1/cm2sec ic~ derived fron 
active heat :i.on in the crlEt bene2.th a like the old 
sl:ield. of 
radioe.ctive m0,teri2.l in such rec;ions. 
Cls.rk and Rin;:;wood heve u:3ed a two-layer crust as a model 
with enrichment of radioactive mderio.l in the upper layer (0 to 16 km) 
relative to the lower (16 to 37 km). This model hcuJ bem: uued 
with the tilernal conductivities given in J!'iz:ure 3 of Clark end Rinp;wood 
( ·19G4) to Ccclculate the temperE'.ture at 37 km for :.rnrfaoe heat flows 
of 1 and 2 i..:cal/cm2 sec. The results of the computation u,x·e shewn in 
Table 7-2. The entimated ture e.t 37 km for a heat flow of 
1.0 pcal/cm2 sec is 460°C. Two canes h::we been u:~ed for r' surf:.::.ce 
heat flow of 2.0. In case (a), tho heat flow t 37 JrJn L tal<::cn as 1.0, 
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_Table 7-2. CALCULATED .AT THE U-DISCvifi1DTUI'11Y ( 37 km) 
(APTEH CLARK ,;U'ill HihGWOOD, 19G4). 
----
Region Old Remainder of Australia 
-i Precambrian (a) (b) 
i Shield 
Heat flow at 37 km 0.6 1. 0 0.6 
Observed surf0.ce 
heat flow 1. 0 2.0 2.0 
Depth interval, km 0-16 16-37 0-16 16-37 0-16 16-37 
Radioactive Content 
( u, ppm 1. 00 0.37 2.8 0.83 4.3 1.25 ) 
( ) 
(Th, ppm 4.00 1.48 11. 2 3.3 17.2 5.0 ) ( ) 
( K i)er cent 1. 63 0.61 3.0 1.0 3.0 1.0 ) 
' 
Heat Production, 1.67 0.63 4.37 1.36 6.25 1. 9 
x 10-13 cal/cm3sec 
Thermal 
Conductivity, 6.0 6.0 6.0 e.o 6.0 7.5 
meal/cm 0 sec C 
Temperature at 460 780 650 
37 km 

Table 7-3· CONCENTRATI OHS Ul!1 RADIOACTIVE EIJ::MENTS IH BAST:tlli.H 
AUSTH..li.LIAH ROCKS 
Rock No.of Loce,b.on K,% u, Th, Ref. 
Spec. P•P•ffi• p.p.m. 
Leucocratic 8 Snowy Mtns. 3.s7 s.02 17.24 1 
Granite 
Gra...YJ.odiori te 18 If ll 2.55 3.71 16.9 1 
Adamellite 3 " II 3.03 4.20 17.0 1 
Granitic 
Gneisses 4 II II 3.40 3.95 19.9 1 
.Adamellites 
and 41 Bendemeer, 3.85 9.09 30.03 1 
Monzonites }T.s.vv. 
Two-pyroxene 
Granulites 1 Delegate, 0.025 0.018 0.059 2 
R52 n.s.w. 
R112 1 0.36 0.027 0.075 2 
Garnet 
Grarrnli tes 
R73 1 Snowy ilitns. 0.22 0.023 0.036 2 
R130 1 Delegate 0.17 0.11 0 L19 . ' 2 
References: 
(1) K.S. Heier, personal c01mnunication. 
(2) J.P. Lovering, personal communication. 
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The values for the high-level gronites from eastern New South 
Wales (K.S. Heier, personal cornrni.inication) can be regarded as the upper 
limit of the allowable concentration.'3 for the upper cru.stal layer in 
eastern .Australia. On this basis, they are consistent with those 
calculated in Table 7-2. The basic granulites were found as inclunions 
in basalt pipes in eastern Austrelia, and are regarded as being samples 
& .. i 
of material from the lower crust or upper mcmtle (J .F. J.Jovering, personal 
communication). Their radioactive concentrations are only about one 
per cent of those in Table 7-2. If we assume that the lov;er limit for 
the mea~n radioactive concentration in the bottom 21 km of the crust is 
equivalent to that of basalt, then we must conclude that the basic 
granulites are not representative of this reg:Lon. Average potassiua 
contents have been calculated for Australian rocks from the analyses 
c;iven by Joplin ( 1963). They are sl10wn in TD.ble 7-4· The differences 
in means between the old shield and othor areas are comiistent with a 
systern.Fdically lower mean radioactive concentration in the old shield 
as compared with the remainder of the continent. 
7.5. Conclusions. 
There is little doubt that the differences in heat flow ariue, 
to a large extent, from a difference in mecut ra,dioactive concentration 
between the rocks of the old Preoambricm shield e,nd those of the 
remainder of the continent. Pe.rt of ti:e difference pro ably originates 
in the mantle, hut it is impo;c:sihle to estimate how much. Tho limit~: 
given in Table 7-2 are imposed by our prese::~t knowl o:f the physical 
and chemical p:coporties of the ;:::arth 1 ~; interior. Or: present evidence, 
it appears lil:ely that the ter;rperature at tho continental 

Table 7-4• POTASSIUM CGl'ifTElITS POH AUSTRALil\li ROCKS. 
Rock DivL~ion lhurrber Mean StE::..nda.rd 
o+' 
.... Data K :rnrror of' 
q1u ·~. T 
I ""ean 
~.~ 'j 
'".i 
,:::.'j Grani tm; Old Pcm Shield 2.8 o. 2 
of 
ic38 3. 112 0.06 
Y~T 01~ ld "i\~ 3. 
Basic Old Pcm Shield ?7 ~1 0.5 0.1 
li.c~1n2.i:nd er of 
528 1. 2 I 0.04 
/." 0.83 
" fI~,~"' rln-avlo-(' (1C\c'~11) 
,) ... ~ ' d - ' ./ ; 
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APPENDIX 1. 
Temueratures 
Hote: All depths are in meters, and all temperatures . oc J.n • 
Depth. Temp. Depth. Temp. Depth. Temp. 
Caba:win Ho. 1 SE-101 Kale-roorlie SE-12 1 Kalgoorlie 
0 19.61 26 20.6 (Cont 1 d) 
305 31.39 53 20.7 243 22.s 
:.· i 
610 40.11 66 20.s 258 22.9s 
914 46.56 79 20.95 273 23.20 
1219 51.78 92 21.1 288 23. 37 
1524 62.89 106 21.25 303 23.51 
1829 69.s4 119 21.35 318 23. 73 
2134 76.17 133 21.45 333 23.84 
2438 82.00 146 21.6 34B 24.03 
2743 88.23 159 21. 75 363 24.20 
3017 94.40 173 21.95 379 2~·35 
186 22.1 393 24.61 
l'vioonie No. 1 200 22.25 409 24. 77 
152 32.2 213 22.4 424 .9·7 
305 36.8 226 22.55 439 25.09 
457 40.s 239 22.65 454 25.25 
I 610 44.7 252 22.8 469 25.40 : ~ 762 46.1 266 22.9 484 25.51 
914 4s.3 279 23.1 499 25.67 
1067 52.7 291 23.25 514 25.es 
1219 57.3 SE-12 2 Kalgoorlie 529 26.03 
1372 60.5 122 21.6 544 26.20 
1524 62.5 152 21.9 559 26.32 
1676 64.7 182 22.15 574 26.46 
1777 67 .2 212 22.45 589 26.62 
I ' 
II 
Depth. Temp. Depth. Ternp. Depth. Ternr). 
SE-12, Kalgoorlie SE-6 1 Kalgoorlie SE-~ 1 Kal2;corlie 
(Cont'd) (Cont 1d) (Cont'd) 
604 26. 76 137 23.95 354 25.9 
618 26.91 151 24.05 368 26.0 
633 27 .09 '165 24.15 381 26.15 
648 27.22 178 24.25 394 26.3 
663 27.34 192 2.1. 4 26.4 
678 27. 206 24.55 1 .55 
693 27.62 219 24.65 434 26.65 
708 27.77 233 24.75 447 26.8 
722 27.90 247 24.9 460 26.9 
737 28. S.E-42 Kaleworlie 473 27.0 
752 28.22 29 22.95 1186 27 .15 
767 28.36 58 23.1 498 27.25 
782 2s.51 87 23.3 511 27. 35 
796 28. 116 23.55 524 27.4 
811 28.82 1 23.8 536 27.5 
826 28.98 159 23.95 5.110 "T/ 27.6 
8·1-1 29.15 174 24.05 BV-1 1 Coolgardie 
856 29.32 188 24.2 27 20.60 
870 29.4s 202 24. 35 20.95 
884 29.63 217 24.5 54 21.24 
-; 899 29.so 231 24. 6 68 21.54 
5E-6, Kali2oorlisa 245 24.s 81 21.81 
27 23.05 259 24.95 95 22.09 
55 23.25 173 25.1 108 22.33 
"O 0/ 23.4 286 25.2 122 22.58 
82. 23.5 300 25.35 136 22.79 
96 23.6 314 25.5 149 22.99 
110 23.75 328 25.6 163 23.17 
123 23.85 3111 25.75 176 23.33 
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(h) Kalgoorlie (Greenstone3) 
Depth K Depth K 
Hole SE-4 Hole SE-12 (1"or"· 1 r'1) v .. l I.I ~ 
4111. 9.4 308 11.2 
533 s.7 340 10.0 
549 9. 1  11.u 
610 8.1 430 ·10.0 
Hole SE-6 460 12.0 
67 1u.4 491 10. 9 
183 10.2 520 9.9 
274 e.o 551 9.4 
488 10.5 555 1o.2 
Hole JE-10 566 12.7 
106 e.7 61 'I 9 ') . '-
132 10.s 632 11.2 
164 10.7 637 10.4 
193 9.4 649 10.4 
219 11.9 672 9.2 
245 9.7 701 11. 0 
271 9.5 733 10.7 
297 e.u 759 10.0 
Hole SE-12 798 10.0 
129 8.9 827 10.2 
160 .Tn 847 9.7 
190 9.4 866 9.7 
220 10.9 877 11.9 
2/;8 9.4 886 11.s 
280 9.8 904 9.6 

XI 
(j) Coolgardie 
i:r 1 -rnr 1 / " d · · t ) .o e Dv- \~rano .iori es Hole MLS-1 (Greemitones) 
Spec. No. K Depth K 
1 8.0 30 7.0 
2 s.o 91 5.s 
3 7.4 152 7.0 
4 7.2 213 7.8 
5 s.o 274 6.9 
6 7.7 335 6.8 
(k) Norseman 
Depth Rock K Depth Rock K 
Hole c 
-
80 
158 Basalt 7.1 528 Dolerite 6.2 
184 Dolerite 7.4 535 Basalt 7. (J 
214 Basalt 5.9 547 Dolerite 6.7 
247 Gab bro 6 (.; •v 566 Basalt 7.0 
275 II 6.6 578 Dolerite 6.8 
309 II 6.5 608 Basalt 6.7 
331 II 6.2 637 11 6.6 
368 " 6.5 Iiliscellaneous 
395 II 6.8 Spec. No. Rock K 
429 Dolerite 7.6 N - 1 Basalt 6.6 
455 Ii a.4 lT - 2 Dolerite 6.2 ··' 
486 II 6.5 1T J.\l···- 3 Por'phyry 10.0 
488 " 6.8 l\f - 4 
II 10.1 
517 II 6.8 N - 6 Gab bro G.7 
N 
- 7 II 7.1 
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xv 
(s) Snowy Mountains Granites 
(s-1): Eucumbene Snol!Y: Tunnel 
Station Rock K Station Rock K 
18+22 Leucocratic 9.7 439+97 Kosciusko 7.4 
21+11 Granite 8.2 448+21 Granite a.5 
29+50 9.8 460+27 e.9 
40+00 9.4 467+86 7 .1 
60+97 s.7 469+79 7.6 
"·:,:: 70+05 9.9 469+86 7.3 
80+01 9.7 490+20 9.4 
90+57 10.0 498+53 8.0 
101+54 8.6 499+42 s.5 
110+96 9.9 509+18 9.2 
139+97 9.0 519+68 8.1 
150+05 a.9 528+25 9.0 
159+65 e.5 538+97 s.6 
171+24 9.1 549+23 9.4 
180+17 10. 3 559+46 9.7 
191+16 7.3 5~{9+62 8.6 
260+32 Biotite 7.7 599+12 7,2 
272+85 Granodiorite 7.9 609+73 8.6 
280+12 8.8 619+85 8.7 
290+49 9.2 629+29 s.1 
302+13 8.8 638+62 9.3 
314+77 7.5 652+48 9.1 
323+05 e.4 670+33 8.3 
345+01 7.4 680+57 9.5 
370+06 Kosciusko 8.1 686+00 8.1 
379+50 Granite 7.4 690+62 8.2 
389+15 8.8 700+20 s.5 
400+38 8.1 710+68 s.3 
407+28 s.5 721+81 s.9 
418+20 s.7 751+83 Island Bend 8.2 
434+97 s.9 Granite 

XVI 
(s-2): Snowy Geehi Tu.nn.el 
Station Rock K Station Rock K 
11+45 Island Bend 7.3 318+82 Kosciusko 8.2 
11+45A Granite 7.3 329+73 Granite s.4 
19+60 7.6 339+90 7.3 
31+06 7.5 350+00 9.3 
42+14 Kosciusko 6.4 41U+60 8.6 
51+17 Granite 9.3 
62+11 9.9 
62+11A 9.s 
74+00 s.7 
74+00A 8.8 
81+63 10.3 
91+42 8.3 
100+70 9.6 
122+78 7.6 
215+93 7.2 
233+13 7.2 
248+12 s.4 
280+14 9.1 
264+15 9.3 
293+40 e.5 
315+35 7.8 

XVII 
(s-3): Murray 1 Pres2:ure 'I\mnel 
Station Rock K 
139+23 Biotite 9.9 
150+43 Granite 9.s 
159+21 9.4 
169+58 s.9 
175+00 
193+92 
193+92A 
245+15 
250+00 
260+00 
270+00 
279+96 
279+96.A 
289+90 
300+00 
300+22 
Soammels 
Granite 
s.5 
10. 7 
10.4 
8.1 
a.4 
8.7 
s.9 
'{ .6 
8.8 
s.3 
8.8 
s.7 
St2,tion 
268+40A 
B 
c 
D 
E 
F 
Rock K 
Scammels 9.4 
Granite s.7 
(Hole I,L'.-1-P-1) s.3 
9.1 
8.2 
7.7 
I o 
XVIII 
(s-4): Too ma Tmnut Tun11el 
Station Rock K Station Rock K 
40+86 Biotite a.4 2118+71 10.3 
56+75 Granite 9.2 250+42 9.4 
80+00 a.6 252+50 9.2 
99+92 9.3 254+50 7.9 
109+97 s.o 256+50 9.4 
121+91 s.5 25~+50 8.5 
139+15 7.5 264+43 8.6 
147+95 7.8 266+47 8.8 
154+50 9.8 272+45 9.7 
176+35 s.7 27 4+65 10.5 
182+50 s.1 278+75 9.5 
·190+59 10.1 280+80 9.2 
192+50 s.9 282+24 7.7 
204+60 a.9 288+50 l,Iica J?oor s.7 
206+50 s.5 290+08 Granite a.7 
210+50 e.5 292+24 9.6 
212+35 7.5 298+40 8.4 
216+73 8.3 300+00 8.1 
218+50 8.2 306+75 8.8 
220+33 8.6 314+61 7.8 
222+57 8.3 342+50 Biotite s.5 
226+40 I.Tica Poor s.2 345+65 Gro.:ni te a.4 
230+50 Granite s.4 349+00 s.7 
234+50 10.0 356+01 s.5 
236+35 s.1 3so+3s 9.4 
238+60 8.1 400+55 8.8 
240+51 8.2 402+28 8.8 
24!:+33 8.2 404+58 6.8 
246+78 ~-1 /f06+56 Gr:mitic 9.7 
I , 
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' ~.o IC·O 
Histogram showing the distribution of thermal 
conductivity values for granites from the Snowy 
Mountains. 
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